We report on the phase coherence time τ φ in quasi one-dimensional Au/Fe Kondo wires and compare the temperature dependence of τ φ with a recent theory of inelastic scattering from magnetic impurities. A very good agreement is obtained for temperatures down to 0.2 T K . In particular, we show that the inverse of the phase coherence time varies basically linearly with temperature below T K over almost one decade in temperature.
Introduction
Recently, the presence of a small amount of magnetic impurities have been invoked to explain the often observed saturation of the phase coherence time 1 in metallic quantum wires at low temperatures 2 . In order to verify this scenario, a theory is necessary to account for the influence of magnetic impurities on the phase coherence time. At present, no exact solution is available for the phase coherence time in the presence of Kondo impurities. Only a high temperature expansion, the NagaokaSuhl (NS) expression 3 , was able to describe the experimental data at temperatures T T K . In the opposite limit (T T K ), the Fermi liquid theory predicts a T 2 dependence of the inelastic scattering rate 4 . Very recently, Zaránd and coworkers 5 have been able to obtain an exact solution for the inelastic scattering time in Kondo metals using NRG techniques 6 . Here we compare this new theory with existing experimental data and show that the NRG calculation gives indeed a very good description of the temperature dependence of the phase coherence time τ φ in metallic quantum wires containing magnetic impurities 7, 8 .
Results and discussion
Samples a are fabricated by standard nano-fabrication using lift-off technique. A scanning tunneling microscope image of the sample is shown in the inset of figure 2a. The electrical as well as geometrical parameters are listed in Table 1 . Table 1 . Sample characteristics: w, t, l, R, correspond to the width, thickness, length and electrical resistance, respectively. D is the diffusion coefficient and c imp is the impurity concentration extracted from the NRG fits. The phase coherence time of sample AuFe1 and AuFe2 as extracted from from standard weak localization are shown in figure 1 . Both samples display a distinct plateau at a temperature above T ≥ 0.3 K. This plateau originates from spin flip scattering due to the Kondo effect. Decreasing the temperature, the magnetic impurity spin is screened and as a result, the phase coherence time increases again.
The phase coherence time τ φ can be written in the following way 9 ,
where 1/τ e−e = a T 2/3 is the contribution due to the electron-electron interaction 10,11 , 1/τ e−ph = b T 3 to the electron-phonon interaction, while 1/τ m correspond to the contribution due to the scattering off magnetic impurities. To account for the latter process, the common Nagaoka-Suhl expression 2,3,9 was usually used, which is, however, only valid at temperatures T T K . Instead, we will use the inelastic scattering cross section as calculated by NRG for the contribution of the magnetic impurities τ m ,
where σ(ω) inel is the inelastic cross section at finite energy ω, σ 0 = 4π/k 2 f the elastic cross section at zero temperature and A a constant we fix in order that the NS and NRG expressions coincide at T T K . The dotted line in the inset of figure 1, denoted as AAK, corresponds the assumption that the only mechanisms for decoherence are electron-electron and electronphonon interactions 10 . For the two other dotted lines, denoted as NS1 (for sample a sample Au1 (Ag1) has been evaporated from a 5N5 gold source (6N silver source). We acknowledge R.A. Webb for the gold evaporation and the Quantronics group for the silver evaporation. AuFe1) and NS2 (for sample AuFe2) we also include the contribution due to magnetic impurities via the NS expression for S=1/2. We see that the NS expression describes relatively well the observed temperature dependence of τ φ at temperatures above T K but fails to describe the desaturation of τ φ due to the screening of the magnetic impurities at temperatures below T K . This is of course not surprising as the NS expression is based on a perturbative calculation in (T /T K ) and breaks down when approaching T K . Instead, taking the inelastic scattering rate obtained by NRG as shown by the solid lines denoted NRG1 and NRG2 for sample AuFe1 and AuFe2, respectively, we obtain a very good agreement with the experimental data in basically the entire temperature range. From the NRG fitting, we extract an impurity concentration of approximately 3.3 ppm (45 ppm) and
for sample AuFe1 (for sample AuFe2) 13, 14 , in good agreement with T K values for Au/Fe found in the literature 15 . At the lowest temperatures we observe deviations from the NRG theory. A probable explanation is that the NRG calculations have been done in the one channel limit for a S=1/2 impurity spin. Indeed, it is quite surprising that the NRG model for S=1/2 fits this well the experimental data for the Kondo system Au/Fe as the real spin of iron is probably very different from S=1/2.
Phase coherence time in very clean metallic quantum wires
We have shown that the NRG theory describes satisfactorily the temperature dependence of τ φ in metallic quantum wires containing magnetic impurities. In the following we will reexamine the temperature dependence of τ φ in extremely pure gold and silver wires to see whether the deviations from the standard AAK prediction often observed experimentally can be explained by the presence of a tiny amount of magnetic impurities. The aim is not to give any definite conclusion, but simply to state in a very objective way the experimental facts which argue for or against the presence of magnetic impurities.
In figure 2 we present measurements of the phase coherence time of two extremely pure metallic quantum wires (Au 1 and Ag 1) down to temperatures of 10 mK b . In order to ensure that the electrons are cooled to these low temperatures we measure the Altshuler-Aronov correction to the resistivity. For both samples we observe the theoretically expected 1/ √ T temperature dependence down to the lowest temperatures 8 . The phase coherence length for sample Au1 (Ag1) is larger than 20 µ m (15 µ m) at 10 mK which is an indication of their high purity. For sample Au1, we fit the experimental data with the AAK expression such that an almost perfect agreement is obtained at high temperatures (T > 300 mK), as shown by the dotted line. At temperatures below 300 mK our data deviate substantially from the AAK prediction. To see whether these deviations can be explained by the presence of a very small amount of magnetic impurities, we simulate the temb the temperature dependence of our samples is almost identical to the ones of Ref. 2, with the only difference that our data extend to lower temperature. perature dependence of τ φ for the presence of a small amount of magnetic impurities using the NRG calculations. The (a), (b) (c) and (d) solid lines correspond to a simulation assuming T K = 40 mK, T K = 10 mK, T K = 5 mK and T K = 2 mK, with an impurity concentration of c imp = 0.008 ppm, c imp = 0.013 ppm, c imp = 0.015 ppm and c imp = 0.024 ppm, respectively. It is clear from our simulations that only magnetic impurities with a Kondo temperature between 5mK to 10mK and with a concentration smaller than 0.015 ppm describe satisfactorily the experimental data. A possible magnetic impurity with a Kondo temperature in this temperature range is Mn (T K 3mK) 16 . We note however, that it is curious that the observed temperature dependence of τ φ for the Au sample can only be described satisfactorily by assuming the presence of one specific magnetic impurity with a Kondo temperature below the measuring temperature T ≤ 10mK, whereas it is known that the dominant magnetic impurity in gold is iron. If we assume an additional iron concentration of the same order, the temperature dependence of τ φ does not satisfactorily describe the experimental data 8 . The temperature dependence of τ φ of sample Ag1 is in very good agreement with the AAK prediction down to temperatures of 30mK. At lower temperatures, we see again deviations from the AAK picture. To account for these deviations we have to assume magnetic impurities with an impurity concentration less than 0.01 ppm and a Kondo temperature below 1mK. The question is whether these numbers are reasonable. To our knowledge the lowest known Kondo temperature for the host metal Ag is obtained with Mn impurities and is on the order of 20-40 mK 15 . This, however, seems to be in contradiction with our analysis.
It is clear from our analysis that assuming magnetic impurities with a Kondo temperature below the measuring temperature leads to an almost temperature independent scattering rate for T ≥ T K . Any experimentally observed saturation of τ φ can therefore always be assigned to a tiny amount of magnetic impurities with an unmeasurably low Kondo temperature, but does not rule out the predictions of Ref. 17 .
In conclusion we have shown that the NRG calculation of the inelastic scattering rate describe very well the experimentally observed temperature dependence of τ φ caused by the presence of magnetic impurities. Below T K the inverse of the phase coherence time varies basically linearly with temperature over almost one decade in temperature. Using the NRG results to analyse the temperature dependence of very clean metallic quantum wires shows that is is not clear at present that magnetic impurities are responsible for the observed deviation of τ φ from the AAK predictions at very low temperatures. note added: more recent measurement of the phase coherence time in AgFe Kondo wires 18 come to the conclusion that the screening at low temperatures is almost perfect, however, such a screening may involve more than one channel and a spin larger than 1/2.
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